The heat shock protein (HSP) 27 is constitutively expressed at low levels in medium-sized lumbar dorsal root ganglion (DRG) cells in adult rats. Transection of the sciatic nerve results in a ninefold upregulation of HSP27 mRNA and protein in axotomized neurons in the ipsilateral DRG at 48 hr, without equivalent changes in the mRNAs encoding HSP56, HSP60, HSP70, and HSP90. Dorsal rhizotomy, injuring the central axon of the DRG neuron, does not upregulate HSP27 mRNA levels. After peripheral axotomy, HSP27 mRNA and protein are present in small, medium, and large DRG neurons, and HSP27 protein is transported anterogradely, accumulating in the dorsal horn and dorsal columns of the spinal cord, where it persists for several months. Axotomized motor neurons also upregulate HSP27. Only a minority of cultured adult DRG neurons are HSP27-immunoreactive soon after dissociation, but all express HSP27 after 24 hr in culture with prominent label throughout the neuron, including the growth cone. HSP27 differs from most axonal injury-regulated and growth-associated genes, which are typically present at high levels in early development and downregulated on innervation of their targets, in that its mRNA is first detectable in the DRG late in development and only approaches adult levels by postnatal day 21. In non-neuronal cells, HSP27 has been shown to be involved both in actin filament dynamics and in protection against necrotic and apoptotic cell death. Therefore, its upregulation after adult peripheral nerve injury may both promote survival of the injured neurons and contribute to alterations in the cytoskeleton associated with axonal growth.
The heat shock protein (HSP) 27 is constitutively expressed at low levels in medium-sized lumbar dorsal root ganglion (DRG) cells in adult rats. Transection of the sciatic nerve results in a ninefold upregulation of HSP27 mRNA and protein in axotomized neurons in the ipsilateral DRG at 48 hr, without equivalent changes in the mRNAs encoding HSP56, HSP60, HSP70, and HSP90. Dorsal rhizotomy, injuring the central axon of the DRG neuron, does not upregulate HSP27 mRNA levels. After peripheral axotomy, HSP27 mRNA and protein are present in small, medium, and large DRG neurons, and HSP27 protein is transported anterogradely, accumulating in the dorsal horn and dorsal columns of the spinal cord, where it persists for several months. Axotomized motor neurons also upregulate HSP27. Only a minority of cultured adult DRG neurons are HSP27-immunoreactive soon after dissociation, but all express HSP27 after 24 hr in culture with prominent label throughout the neuron, including the growth cone. HSP27 differs from most axonal injury-regulated and growth-associated genes, which are typically present at high levels in early development and downregulated on innervation of their targets, in that its mRNA is first detectable in the DRG late in development and only approaches adult levels by postnatal day 21. In non-neuronal cells, HSP27 has been shown to be involved both in actin filament dynamics and in protection against necrotic and apoptotic cell death. Therefore, its upregulation after adult peripheral nerve injury may both promote survival of the injured neurons and contribute to alterations in the cytoskeleton associated with axonal growth.
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Peripheral nerve injury alters gene expression in primary sensory neurons. This includes the upregulation of developmentally regulated growth-associated genes, such as , that lead to the capacity to initiate and sustain neurite outgrowth (Chong et al., 1992; Aigner and C aroni, 1995) and some cytoskeletal proteins, including ␤-tubulins and actin (Miller et al., 1989; Moskowitz and Oblinger, 1995) , which may modif y the cytoskeleton, facilitating axonal growth. There are, in addition, atrophic changes attributable to loss of contact between the neuron and its peripheral target, such as the downregulation of neurofilament expression (Wong and Oblinger, 1991) . This results in a reduction of axon caliber and cell volume, as well as synaptic terminal degeneration (Aldskogius et al., 1985; C astro-L opes et al., 1990; Gold et al., 1991) . In some neurons, peripheral nerve injury leads to cell death, although in the adult, unlike the neonate (Yip et al., 1984) , death of primary sensory neurons occurs only after a long delay (Ͼ16 weeks) and is limited to neurons with unmyelinated axons (Coggeshall et al., 1997) . Finally, there are a number of diverse phenotypic changes in axotomized neurons that alter the function and signaling capacity of the neurons and that include the downregulation of some neuropeptide neuromodulators, the upregulation of others, and modified expression of receptors and ion channels (Hokfelt et al., 1994) .
A challenge then is to determine which signals initiate changes in neuronal gene expression after peripheral nerve injury, what the changes are, and how they alter the properties of the cell and the function of the somatosensory system. As a first step, we have used a PCR-based subtractive hybridization technique (Brady et al., 1995) to look for those genes upregulated in adult rat primary sensory neurons after peripheral nerve injury. Among the first set of identified regulated clones was the heat shock protein (HSP) 27 (Uoshima et al., 1993) .
Constitutive expression of HSP27 has been described recently in a subset of sensory and motor neurons (Plumier et al., 1997) . HSP27, like other heat shock proteins, is upregulated after ischemic damage to the brain (Kato et al., 1994; Higashi et al., 1997) . However, little else is known about the expression or function of HSP27 in the nervous system. HSP27 in non-neuronal cells has a number of functions in cellular repair, acting as a molecular chaperone (Jakob et al., 1993) and altering cell motility by modulating actin dynamics (Lavoie et al., 1993b (Lavoie et al., , 1995 Benndorf et al., 1994; Mairesse et al., 1996) . In addition, HSP27 promotes cell survival by preventing oxidative stress (Mehlen et al., 1996a) , resisting heat shock (Lavoie et al., 1993a) , and resisting the toxic effects of anticancer chemicals (Huot et al., 1991) , metabolic poisons (Wu and Welsh, 1996) , and cytokines (Mehlen et al., 1995) . HSP27 expression has been shown, moreover, to suppress apoptosis after tumor necrosis factor ␣ (TN F␣) or staurosporine treatment in mouse fibrosarcoma cells (Mehlen et al., 1996b; Samali and Cotter, 1996) . Given these diverse but important actions of HSP27, we have now examined the pattern of regulation in primary sensory neurons during development and after injury.
MATERIALS AND METHODS
Surg ical procedures. Adult male Sprague Dawley rats (200 -300 gm) were anesthetized with halothane (induction, 4%; maintenance, 2.5%). The left sciatic nerve was exposed at the midthigh level and ligated before being sectioned immediately distal to the ligation. The wound was sutured in two layers, and the animals were allowed to recover. Section of the L4 and L5 dorsal roots was performed as described previously (Chong et al., 1994) , and the animals were killed under terminal pentobarbital anesthesia (200 mg / kg, i.p.) after 2 d. Inflammation was produced by intraplantar injection of 100 l of complete Freund's adjuvant (CFA) (Sigma, St. L ouis, MO) into the left hindpaw under halothane anesthesia . All procedures were performed in accordance with the British Home Office Animal Inspectorate and Massachusetts General Hospital Animal Research regulations.
T issue preparation. Animals were terminally anesthetized with 200 mg / kg sodium pentobarbitone (Duphar) and exsanguinated. The sciatic nerve was exposed and followed up to the L4 and L5 DRGs. The dorsal roots were then traced up to the dorsal root entry zones of the spinal cord, and the L4 and L5 spinal segments were identified. The L4 and L5 DRGs and the L4/ L5 lumbar spinal cord were then rapidly removed, and RNA was extracted for Northern analysis or the tissue was frozen for in situ hybridization (see below). E xperimental tissue was taken from the side ipsilateral to the injury only, whereas material from naive animals was removed from both sides.
For immunohistochemistry, animals were terminally anesthetized and perf used transcardially with 200 ml of saline, followed by 750 ml of 4% paraformaldehyde in 0.1 M phosphate buffer, pH 7.4. Dissected tissue (from DRGs, spinal cord, and sciatic nerve proximal to the lesion) was post-fixed for 6 hr and immersed in 20 -30% sucrose in 0.1 M phosphate buffer, pH 7.4, at 4°C overnight.
For a developmental analysis, time-mated pregnant Sprague Dawley rats were terminally anesthetized (as above); litters aged embryonic day 15 (E15) (n ϭ 12) were removed; and all lumbar DRGs were dissected and used for immediate RNA extraction. Rats aged postnatal day 0 (P0) (n ϭ 6), P7 (n ϭ 5), P14 (n ϭ 5), and P21 (n ϭ 4) were terminally anesthetized; DRGs and dorsal horns were dissected; and RNA was extracted.
Subtractive hybridization. Genes induced or markedly upregulated at the mRNA level in the rat dorsal root ganglion after sciatic nerve transection were isolated by a PCR-based subtractive hybridization protocol (Brady et al., 1995) . In brief, first-strand cDNAs ranging in size from 100 to 600 bases representing the distal 3Ј ends of the original transcripts were produced by a limited reverse transcription step (Brady et al., 1990 ) using 250 ng of total rat dorsal root ganglion RNA, 80 ng /ml pd(T)12-18 (Pharmacia, Piscataway, NJ), and a 12.5 mM concentration of each dN TP in reverse transcription buffer (in mM: 50 Tris-HC l, pH 8.5, 75 KC l, and 3 MgC l 2 ). After 3 min at 65°C, 200 U of Moloney murine leukemia virus reverse transcriptase and 40 U of ribonuclease inhibitor (Promega, Madison, W I) were added, and the reactions were incubated for 15 min at 37°C. A poly(A) tail was added to the single-stranded cDNA using terminal transferase and dATP. Each tailed cDNA population was amplified by PCR using a single primer, either the NotIdT primer (naive cDNA; 5Ј-CATC TCGAGCGGCCGC(T) 24 -3Ј) or the Kvd primer (axotomy cDNA; 5Ј-GGTAAC TAATACGAC TC(T) 24 -3Ј). PCR reactions were performed in a total volume of 100 l containing 1 l of poly(A)-tailed cDNA, 10 l of 10ϫ Mg 2ϩ -free Taq polymerase buffer (Promega), 6 l of 25 mM MgC l 2 , a 25 mM concentration of each dN TP, 1 g of primer, and 4 U of Taq polymerase (Promega). PCR amplification conditions were 30 cycles of 30 sec at 94°C, 30 sec at 45°C, and 30 sec at 72°C. A 40-fold excess of naive cDNA (4 g) was photobiotinylated (Barr and Emanuel, 1990) and mixed with 100 ng of unlabeled axotomy cDNA. This mixture was denatured and hybridized at 68°C for 72 hr. The cDNA hybrid molecules incorporating biotinylated naive cDNA were removed with the addition of streptavidin and phenol -chloroform extraction. The unlabeled cDNA remaining in the aqueous phase was precipitated, resuspended in H 2 O, and reamplified with the Kvd primer, producing a first-round subtraction product (S1). A 100 ng sample of S1 cDNA was used in a second round of subtractive hybridization against 4 g of original biotinylated naive cDNA, producing a second-round subtraction product. A third round of subtraction was performed in an identical manner, yielding the final subtraction cDNA product (S3).
cDNA librar y screening. To isolate cDNA clones represented in the third subtraction product, 5 ϫ 10 5 clones from a Z ap II rat DRG cDNA library were plated on four 20 ϫ 20 cm dishes. The plaques were blotted onto Hybond Nϩ nylon filters (Amersham, Arlington Heights, IL), and the filters were hybridized with the third subtraction product. A 100 ng sample of S3 cDNA was radiolabeled by incorporation of 50 Ci of 32 P[dC TP] using standard cDNA-labeling conditions. Radiolabeled cDNA was separated from unincorporated nucleotides on Sephadex G-50 columns. Filters were prehybridized and hybridized in a solution containing 6ϫ SSC, 10% dextran sulfate, 0.5% SDS, 5ϫ Denhardt's solution (100ϫ Denhardt's solution: 0.2% BSA, 0.2% ficoll, and 0.2% polyvinylpyrrolidone), and 100 g /ml sheared herring sperm DNA at 65°C. Filters were washed to a final stringency of 0.2ϫ SSC and 0.1% SDS at 65°C.
Northern blot analysis. Total cellular RNA was extracted from homogenized tissue samples by acid-phenol extraction according to Chomczynski and Sacchi (1987) . RNA (10 g/sample) was separated on 1.5% formaldehyde-agarose gels and blotted onto Hybond Nϩ nylon membranes using standard conditions. Filters were prehybridized and hybridized in a solution containing 50% formamide, 5ϫ SSC, 5ϫ Denhardt's solution, 1% SDS, and 100 g/ml sheared herring sperm DNA at 42°C. The filters were washed in 0.1ϫ SSC and 0.1% SDS at 42°C. The HSP27 cDNA probe was derived from an 800 bp insert in pBluescript KSϩ and isolated as described above. The Figure 1 . Northern blots for HSP27 and cyclophilin mRNA in L4 and L5 dorsal root ganglia (DRG), ventral horn (VH ), and dorsal horn (DH ). The DRG lanes contain mRNA (n ϭ 4 animals) from naive unoperated animals ( N ), animals 1 d after CFA injection (1d CFA), and animals 1, 2, and 7 d after sciatic axotomy (Ax). V H lanes contain mRNA from L4 and L5 ventral horn segments of the spinal cord (n ϭ 3 animals) from naive unoperated animals ( N ) and animals 2 and 7 d after sciatic cut axotomy (Ax). DH lanes contain mRNA from L4 and L5 dorsal horn segments of the spinal cord (n ϭ 4 animals) from naive unoperated animals ( N ) and animals 2 d after sciatic cut axotomy (2d A x). Note the absence of HSP27 mRNA upregulation within the DH 2 d after sciatic nerve axotomy. All experimental material was taken from the same side as the lesion. Northern blots for HSP56, HSP60, HSP70, HSP90, and cyclophilin mRNA in the L4 and L5 dorsal root ganglia (n ϭ 4 animals). Lanes contain mRNA from naive unoperated animals ( N ) and animals 2 d after sciatic axotomy (2d A x). Note that in contrast to HSP27 regulation, none of these HSP mRNA are upregulated within the DRG 2 d after sciatic nerve axotomy. HSP56, HSP60, HSP70, and HSP90 mRNA were also not regulated 1 and 7 d after sciatic cut or 1 d after CFA injection in the DRG or in the dorsal horn.
HSP56 probe was obtained from a 2 kb rabbit cDNA (kindly donated by David Latchman, University College London, London, England). Other probes used were derived by PCR from rat cDNA sequences (obtained from GenBank) and subsequently were cloned into the pGEM-T cloning vector (Promega). A 240 bp rat cyclophilin PCR product was produced using the following primers: Cyc1, 5Ј-TTGGGTCGCGTCTGCTTCGA-3Ј; and Cyc2, 5Ј-GCCAGGACCTGTATGCTTCA-3Ј. A 295 bp rat HSP60 PCR product was produced with the following primers: HSP60A, 5Ј-GAACTGT GGCAGGAAGCTCAA-3Ј; and HSP60B, 5Ј-GCGCTACAGTCCTG ATGCTAA-3Ј. A rat HSP70 PCR product of 443 bp was produced using the following primers: HSP70A, 5Ј-CTAACACGCTGGCTGAGAAA-3Ј; and HSP70B, 5Ј-GGGTGGC AGTGCTGAGGTGTT-3Ј. A 348 bp rat HSP90 PCR product was produced using the following primers: HSP90A, 5Ј-GTCTTCTCTCGCTTCTCACTT-3Ј; and HSP90B, 5Ј-CTATCTGT GGGAGGGGATCTT-3Ј. A 50 ng sample of each probe was radiolabeled as above.
At least two independent Northern blots obtained from RNA extracted from a different pool of animals were used for each observation.
In situ hybridization. All in situ hybridization was performed using digoxygenin-labeled riboprobes. Plasmid containing an 800 bp HSP27 cDNA insert (867 bp) was amplified and linearized with XhoI or XbaI restriction enzymes. In vitro transcription was performed at 37°C for 2 hr using 1 g of linearized template, 2 l of transcription buffer (Boehringer Mannheim, Indianapolis, I N), 2 l of digoxygenin-labeling mix (Boehringer Mannheim), and 2 l of RNA polymerase [T7 for XbaI (antisense) and T3 for XhoI (sense) linearized templates; Boehringer Mannheim], and made up to 20 l with RNase-free H 2 O. The reaction was stopped with 1.5 l of 0.2 M EDTA and 2.5 l of 4 M LiC l, and 75 l of 100% ethanol was added. RNA was precipitated and redissolved in 100 l of RNase-free H 2 O.
Fresh frozen 30 m DRG sections were mounted onto slides and air-dried. Slides were placed in 4% paraformaldehyde in 0.1 M PBS for 10 min, washed in 0.1 M PBS three times, acetylated for 10 min, and permeabilized in 1% Triton X-100 (Sigma) for 30 min. They were washed again in 0.1 M PBS three times, and 1 ml of prehybridization buffer was put on each slide for 6 hr in a humidified chamber. Sections were then incubated in hybridization buffer (probe concentration, 250 ng /ml) overnight at 60°C and washed in decreasing concentrations of SSC (5 to 0.1ϫ) for 1 hr. Sections were washed in 0.1 M Tris, pH 7.5, and 0.15 M NaC l for 5 min and then prehybridized in blocking buffer for 1 hr before being incubated overnight at 4°C in blocking buffer with anti-digoxygenin antibody (1:500) (Boehringer Mannheim). They were then washed again before staining was visualized in 75 g /ml nitro blue tetrazolium, 50 g /ml 5-bromo-4-chloro-3-indolyl phosphate, and 0.24 mg /ml levamisole (Sigma) in Tris buffer, pH 9.5. Reaction was stopped with Tris-EDTA, and sections were washed in deionized H 2 O and air-dried. Slides were coverslipped using Kaiser's mountant.
To estimate in vivo cell numbers and construct histograms free of size and shape biases, HSP27 mRNA-positive cells were identified in a physical dissector paradigm (Pover et al., 1993) . To do this, pairs of sections (look-up and reference) at standard (k) intervals through the ganglion beginning at a random number between 1 and k were obtained. Those cells seen in each reference, but not in the look-up sections, were identified. The cells were then drawn, and their areas were calculated (in square micrometers).
The numbers of DRG cells in vitro showing HSP27 immunoreactivity were estimated in adult rats (n ϭ 3) 2 hr after plating the cells by counting every cell in 10 randomly selected areas comprising 30% of each coverslip. Numbers are expressed as mean percentage of positively stained cells.
Western blots. Pooled L4 and L5 DRG from naive and axotomized animals were boiled for 10 min in 3% SDS, and then equal volumes of 0.3 M sucrose were added. Ganglia were homogenized in the presence of 100 mM phenylmethylsulfonylfluoride (Sigma) using a hand-held pellet pestle (Fisher Scientific, Houston, TX) and spun at 14,000 rpm for 10 min. Protein quantification was performed by the bicinchoninic acid method using the BCA assay kit (Pierce, Rockford, IL). Protein samples (20 g) were electrophoresed on SDS-acrylamide gels and transferred to an Immobilon-P membrane (0.45 m; Millipore, Bedford, M A). Membranes were blocked with 5% nonfat dried milk and 0.05% T ween 20 in PBS (TPBS) for 1 hr at room temperature. Primary incubation was performed with anti-HSP 27 (goat polyclonal IgG; Santa Cruz Biotechnology, Santa Cruz, CA) diluted 1:500 in 3% dried milk and 0.05% TPBS for 1 hr at room temperature. After washing with 3% dried milk, 0.05% TBPS membranes were incubated with peroxidase-labeled anti-goat IgG (Vector Laboratories, Burlingame, CA) in 3% dried milk and 0.05% TPBS for 1 hr at room temperature. Membranes were washed with 0.05% TPBS and 1ϫ PBS and visualized on Hyperfilm ECL (Amersham) using the Renaissance chemiluminescent detection assay (New England Biolabs, Beverly, M A).
Immunoc ytochemistr y. Fifty-micrometer sections were washed in 0.1 M PBS and then washed in 0.8% bovine serum albumin (BSA), 0.25% Triton X-100 (Sigma), and 5% normal goat serum (NGS) in 0.1 M PBS for 1 hr. After three 0.1 M PBS washes, sections were incubated in goat anti-HSP27 antibody (1:500 -1:2000; Santa Cruz) in 0.8% BSA, 0.25% Triton X-100, and 1% NGS in 0.1 M PBS at 4°C for 48 hr. After f urther washes in 0.1 M PBS, sections were left in 2°C antibody (rabbit anti-goat; 1:200 dilution) for 2 hr at room temperature and then washed three times with PBS and visualized with the indirect HRP-DAB reaction using a standard Vectastain kit (Vector). Sections were then washed in H 2 O, mounted, and coverslipped using DPX (Fisher Scientific).
DRG neuron culture. Animals were terminally anesthetized and exsanguinated as described above. L umbar DRGs were removed aseptically and digested in 0.125% collagenase (Boehringer Mannheim) for 3 hr. C ells were then mechanically dissociated using a flame-polished Pasteur pipette. The cell suspension was spun at 1000 rpm through 15% BSA (Sigma), and the cell pellet was resuspended in F-12 growth medium (Hu-Tsai et al., 1994) with 4% Ultroser-G (Life Technologies, Gaithersburg, MD). C ells were plated onto polyornithine -laminin-coated 22 mm glass coverslips, 10 4 cells per coverslip, and grown in 35 mm dishes at 36.5°C with 95% air and 5% carbon dioxide.
RESULTS

Characterization of HSP27 as a nerve injury-regulated gene
A clone, isolated by subtractive hybridization of axotomized minus naive DRG cDNA and subsequent cDNA DRG library screening, was identified by sequencing as rat HSP27 (Uoshima et al., 1993) . To confirm that HSP27 mRNA levels respond to peripheral axotomy, experiments were performed that showed that sciatic nerve section substantially elevated HSP27 mRNA in L4 and L5 dorsal root ganglia ipsilateral to the injury. The elevation was marked at 24 hr, with a ninefold increase at 48 hr after lesion, and this was maintained 1 week after injury (Fig. 1) . In contrast to nerve section, inflammation induced by intraplantar injection of CFA into the hindpaw produced a much smaller increase in HSP27 mRNA levels at 1 d (less than twofold) (Fig. 1) , which returned to basal levels by 5 d after inflammation. HSP27 mRNA levels in the dorsal horn remained unchanged 2 d and 1 week after sciatic nerve section (Fig. 1) and Figure 3 . Northern blots for HSP27 and cyclophilin mRNA in L4 and L5 dorsal root ganglia. Development, At E15, no expression is detected. From P0 to P21, HSP27 mRNA gradually increases to levels approximately equal to those seen in the adult ( N ). Note that the Northern blot for the embryonic and neonatal RNA (E15 to P21) has been exposed for several weeks compared with several days for those of adult RNA (P21 and N ) . Rhizotomy, Lanes contain mRNA from naive unoperated animals ( N ), animals 2 d after peripheral axotomy (Ax), and animals 2 d after dorsal root section (Rh). Note the absence of regulation of HSP27 after dorsal root section in contrast to that seen after axotomy of the peripheral nerve. The slight decrease of HSP27 levels in the Rh lane relative to the N lane is attributable to loading differences on the original Northern blot (see Cyc).
after CFA injection (data not shown). An upregulation of HSP27 mRNA was also detected in the ipsilateral ventral quadrant of the spinal cord 2 d after sciatic nerve injury and remained upregulated at 7 d (Fig. 1) .
Expression of mRNAs for HSP56, HSP60, HSP70, and HSP90 were also analyzed, but none were regulated within the DRG or dorsal horn at 1, 2, or 7 d after sciatic cut or 1 d after CFA injection (Fig. 2) .
Central axotomy does not upregulate HSP27 mRNA
Primary sensory neurons possess a peripheral and a central axon. Injury to the central axon generally fails to induce the same pattern of changes in the phenotype of sensory neurons that a peripheral axotomy does (Chong et al., 1994) , nor does it elicit as vigorous a regenerative response (Chong et al., 1996) . Section of the L4 and L5 dorsal roots did not result in an upregulation of HSP27 mRNA levels in their respective ganglia 2 d after injury, in contrast to the substantial increase seen at the same period after peripheral axotomy (Fig. 3) .
HSP27 mRNA regulation during development
Many genes reexpressed after peripheral nerve injury are developmentally regulated and present at high levels in the embryo but are downregulated on innervation of the target (Skene, 1989) . At E15, HSP27 mRNA expression was not detectable within the DRG. At birth, HSP27 mRNA expression was just detectable, but by P21, levels rose to an amount approaching that seen in the adult DRG (Fig. 3) .
Cellular localization of HSP27 mRNA within the DRG before and after peripheral axotomy
In situ hybridization for HSP27 mRNA in L4 and L5 DRGs from naive animals showed low levels of constitutive expression, predominantly in medium and large neurons (Figs. 4 A, 5) . Sense controls revealed no staining (Fig. 4 B) . HSP27 mRNA expression in the DRG 48 hr after sciatic nerve section increased both in terms of the number of cells stained and the intensity of stain within each positive cell (Fig. 4C ). This pattern of staining was maintained at 7 d (Fig. 4 D) . At 48 hr, not only was the staining much darker in the medium-and large-sized cells, but a population of small cells that were negative for HSP27 mRNA in the DRGs of naive animals (Fig. 4 E) were positive after axotomy (Fig. 4 F) .
Quantitative stereological analysis found 2867 Ϯ 691 (SE) HSP27 mRNA-positive neurons in the L4 DRG in naive animals . Note faint staining in cells across the DRG, many of which are medium and large in size. B, A sense strand HSP27-probed DRG section. C, Forty-eight hours after sciatic nerve section, intensity of HSP27 mRNA staining is dramatically increased, as is the number of cells stained. D, One week after axotomy, staining is still increased. High-power photomicrographs of HSP27 staining in naive ganglia ( E) and 48 hr after axotomy ( F) show clearly the increase in the intensity of stain. Along with the medium-and large-sized DRG neurons that constitutively express HSP27 (arrowheads), axotomy induces de novo expression in small DRG neurons (arrows). Scale bars, 100 m.
(n ϭ 3), the majority of which ranged between 400 and 2500 m 2 in the profile area. T wo days after sciatic nerve section, approximately two and a half times the number of cells stained for HSP27 mRNA compared with normal [7012 Ϯ 725 (SE); n ϭ 3; p Ͻ 0.05], the majority of these having profile areas ranging between 400 and 1500 m 2 . The size frequency histogram in Figure 5 shows that a new subpopulation of HSP27 mRNApositive cells with smaller profile areas appeared after nerve injury and that the proportion of large DRG HSP27 mRNApositive cells increased. The distribution of the labeled cells after axotomy in Figure 5 is very similar to that produced after labeling DRG cells with axons in the sciatic nerve (Woolf et al., 1995) , indicating that axotomized DRG cells representative of the entire population of sciatic DRG neurons, based on size, upregulate HSP27. Because the sciatic nerve only represents ϳ60 -70% of the L4 DRG (Woolf et al., 1995) , the unlabeled cells are likely to be predominantly, if not exclusively, nonaxotomized neurons.
HSP27 protein levels after peripheral axotomy
Western blot analysis of naive and ipsilateral L4 and L5 DRG after axotomy showed a marked increase in HSP27 protein levels, with HSP27 protein increasing over a similar time scale to that of the mRNA (Fig. 6 A) .
Immunohistochemical analyses of the L4 and L5 DRGs for HSP27 immunoreactivity (HSP27-IR) revealed a pattern of staining similar to that for in situ hybridization. C ells constitutively positive for HSP27-IR in DRGs from naive animals were predominantly medium-sized, with some large-sized (Fig. 6 B) , but after nerve injury HSP27-IR was seen in small-, medium-, and large-sized cells (Fig. 6C) . HSP27-IR could also be seen after In naive animals ( B), staining is observed in some DRG neurons, most of which are medium and large in size. Seven days after sciatic nerve section ( C ), more cells are stained, and consistent with changes seen at the mRNA level, many small cells are positive for HSP27 after axotomy (arrows). Note that HSP27 staining is also observed in the stem axons leaving DRG cell bodies (small arrow). Scale bar, 100 m. axotomy in axons leaving the cell bodies of DRG neurons (Fig.  6C ). C ellular staining was most intense at 7 d after the sciatic lesion but was maintained at high levels at 2 weeks (data not shown).
HSP27 is transported to the central and peripheral terminals of injured sensory neurons
The dorsal horn of the spinal cord from naive animals revealed light HSP27 staining of fibers terminating in laminae I, III, and IV, areas devoted to A-fiber terminals, but not in lamina II, an area receiving C -fiber terminals (Fig. 7A) . One week after peripheral axotomy, dense staining was observed in laminae I and II of the dorsal horn (Fig. 7B) . After 2 weeks, intensely labeled fibers could be seen in lamina III, as well as in the superficial laminae, and in addition many stem axons ascending in the dorsal columns were now more positive (Fig. 7C) . T wo months after peripheral nerve section and ligation, heav y staining of HSP27 was observed in primary afferent central axons in laminae I, II, III, and IV and in the dorsal columns (Fig. 7D) .
When the sciatic nerve was stained in naive animals, only faintly stained HSP27-positive fibers were observed (Fig. 7E,  inset) . One week after nerve section and ligation, HSP27-IR accumulated proximal to the ligature (Fig. 7E) , showing that it is anterogradely transported along peripheral, as well as central, axons.
In animals subjected to sciatic crush lesions, in which regeneration with reinnervation of peripheral targets occurs between 2 and 6 weeks, the pattern of increased HSP27 labeling in the dorsal horn was similar to that found in animals in which the nerve was cut and ligated (data not shown). At 8 weeks after lesion, an increased level of staining was still detectable on the side of the spinal cord ipsilateral to the nerve crush, although this was less than that seen in animals with ligation injuries at this time point.
The change in HSP27-IR was not restricted to sensory neurons. Staining within the sciatic nerve motor pool in the ventral horn of the L4 and L5 segments also increased 1 week after sciatic nerve section (Fig. 7F ) , and this was still observable at 2 months (data not shown).
HSP27 distribution in cultured sensory neurons
When freshly dissociated adult DRGs were stained 1 hr after plating, only a subpopulation of the neurons were HSP27-immunoreactive (16.4 Ϯ 1.6%; n ϭ 735) (Fig. 8 A) , a finding that is consistent with the levels of constitutive expression detected in naive animals in vivo (Fig. 4 A) . However, when the cells were stained after 24 hr in culture, all DRG neurons (large, medium, and small) were HSP27-IR (Ͼ1000 cells surveyed) (Fig. 8 B) . In those cells with neurites, HSP27 staining was seen along the entire length of the cell, including the growth cone (Fig. 8C, D) . ( A) , fibers are observed in laminae I, III, and IV, in which A-fiber central axon collaterals are known to terminate. Staining is also observed in the dorsal columns. Lamina II is devoid of staining (arrow). B, One week after sciatic nerve section, there is increased HSP27 staining predominantly in the superficial laminae (I and II) of the dorsal horn (arrow). C, Two weeks after axotomy, increased staining is observed in laminae III and IV, as well as in the superficial laminae. Note that the dorsal columns are also densely stained. D, Two months later, HSP27 immunostaining remains in all laminae of the dorsal horn. The dorsal columns ipsilaterally remain heavily stained (compared with contralateral). Scale bars (in A-D), 200 m. E, Photomicrograph of 50 m section of sciatic nerve proximal to a ligature 1 week previously. Note that HSP27 has accumulated proximal to the ligature, showing that the protein is anterogradely transported down axons to the periphery. Inset, HSP27 staining in the normal nerve. Scale bar, 1mm. F, HSP27 staining in a spinal cord section 1 week after sciatic nerve section. Along with increased staining in the superficial laminae of the dorsal horn, HSP27 is also upregulated in motor neuron cell bodies of the ventral horn (arrows). Scale bar, 200 m.
DISCUSSION
The axon response
Peripheral nerve injury initiates a cascade of early, intermediate, and late alterations in injured sensory and motor neurons. Early changes are attributable to ion fluxes at the injured membrane that initiate an injury discharge (Wall and Gutnick, 1974) . Later changes are the consequences of retrograde signals transported to the cell body (DiStefano et al., 1992) . These signals, which result from both the loss of constitutive target-derived trophic factors and the introduction of novel signals at the site of injury, act to alter expression of a broad range of genes as part of the chromatolytic reaction or axon response. The axon response encompasses the immediate stressor effect of the injury, including altered metabolic demands, the induction of a regenerative response, and alterations in the f unctional performance of the injured neurons consequent on changes in the levels of transmitters, neuromodulators, ion channels, and receptors (Fitzgerald et al., 1985; C astro-L opes et al., 1993; Devor et al., 1993; Verge et al., 1995) .
HSP27
We now report that HSP27, a heat shock protein, is upregulated by peripheral axotomy in the adult rat. The heat shock proteins in general serve to protect cells against damage induced by physiological stress, including heat shock, oxidative stress, and noxious chemicals. Their expression in non-neuronal cells is strongly correlated with increased survival to such external challenges (Huot et al., 1991; Lavoie et al., 1993a; Wu and Welsh, 1996) . Many HSPs are also constitutively expressed in normal cells, where they may play a role in cell growth, maintenance, and development (Marcuccilli and Miller, 1994) .
HSP27 is a low molecular weight HSP, is highly homologous with the ␣-crystallins (de Jong et al., 1997) , and, like other HSPs, functions as a molecular chaperone, conserving the conformation of proteins (Jakob et al., 1993) . It has, in addition, been shown to associate specifically with F-actin in a phosphorylation-dependent manner (Lavoie et al., 1995) , which is postulated to affect cell motility and shape (Lavoie et al., 1993b; Mairesse et al., 1996) . Recently, HSP27 has been shown to act as a specific cellular inhibitor of apoptosis in mouse fibrosarcoma (Mehlen et al., 1996b) and monoblastoid cells (Samali and Cotter, 1996) . HSP27 also confers resistance to heat shock by stabilizing the cytoskeleton (Lavoie et al., 1995) and enhances survival in response to TNF␣-induced cell death by increasing glutathione levels (Mehlen et al., 1996a) . Phosphorylation of the protein by specific kinases and dephosphorylation by phosphatases play a key role in its function (Lavoie et al., 1995) , and these can be triggered by a number of factors, including TNF␣, interleukin-1, bradykinin, and ATP (Saklatvala et al., 1991) . The survival function may also be dependent on the HSP27 phosphorylation state. A recent study has shown that it is the unphosphorylated state that is protective against TN F␣ in N IH3T3 cells (Mehlen et al., 1997) .
A constitutive expression of HSP27 in the nervous system has been demonstrated recently using immunohistochemistry and Western blots primarily in cranial and spinal motor nuclei, as well as in primary sensory neurons and their central processes (Plumier et al., 1997) . Both ischemic and kainic acid lesions induce HSP27, but almost entirely in glia (Kato et al., 1994; Plumier et al., 1996) .
Changes in HSP27 expression after axotomy
HSP27 was the only member of the HSP family tested (HSP56, HSP60, HSP70, and HSP90) that was upregulated in DRG neurons by peripheral axotomy. This indicates that this effect was not a simple result of an overall increase in transcription of stressrelated proteins in response to neuronal injury. Also, the data imply that whatever signal transduction cascade was responsible for the upregulation of HSP27, it is unlikely to include activation heat shock elements common to the promotor region of both HSP27 and other heat shock proteins such as HSP70. The change in HSP27 mRNA levels may of course be attributable to changes in mRNA stability. Further indications of the specificity of HSP27 regulation were the failure of central axotomy produced by sectioning the dorsal root to upregulate HSP27 and the minimal effects of peripheral inflammation, which has powerf ul effects on DRG gene expression (Leslie et al., 1995) . C entral axotomy differs from peripheral axotomy in that it disrupts contact with the central target but leaves growth factor support from the periphery intact. Inflammation, although changing the chemical environment of the peripheral terminal, also leaves contact between the peripheral axon and its target intact, implying that there is something specific to the disruption of this contact that results in the upregulation of HSP27. A selective response to injury of the peripheral and not the central axon also occurs for the growthassociated gene GAP-43 (Chong et al., 1994) . HSP27 expression is, however, different from that of GAP-43 in two major ways. First, constitutive expression of GAP-43 is located within small DRG neurons (Verge et al., 1990; Woolf et al., 1990) , whereas it is the medium-and large-sized DRG cells that constitutively express HSP27. Second, HSP27 levels are low during the active growth state of development with a progressive upregulation of HSP27 over the early postnatal period, which is different from the developmental regulation of growth-associated genes that are present at high levels during the active growth state in early development and then downregulated on establishment of contact with targets (Skene, 1989 ).
Although we have demonstrated an elevation in HSP27 mRNA and protein after peripheral nerve injury, it would be of considerable interest to establish the phosphorylation state of HSP27 in this situation, given the alterations in f unction associated with phosphorylation and dephosphorylation of this protein (Lavoie et al., 1995 , Mehlen et al., 1997 .
HSP27 and regeneration of injured neurons
Based on the actions of HSP27 in non-neuronal cells, an increased expression of the molecule may contribute to a number of different f unctions in injured sensory and motor neurons. One role may be an involvement of HSP27 in the regeneration that follows peripheral axotomy as a consequence of its involvement in actin filament dynamics. HSP27 has been proposed to act as an actin filament-capping protein, potentially either preventing or permitting actin filament synthesis depending on its phosphorylation state (Lavoie et al., 1995) . The distribution of HSP27 along axons in vivo and into the growth cones in vitro is compatible with a possible role in the growing tip of the axon. Against a general role for HSP27 in neurite outgrowth, axon guidance, or the establishment of synaptic connections is our finding that HSP27 is not present when axons are actively growing in early development. There is a possibility, however, that regeneration in the adult and growth in development occur by distinct processes.
HSP27 and cell death in injured neurons
Numerous studies have linked HSP27 upregulation with increased cell survival. Overexpression of HSP27, for example, correlates with resistance to the cytotoxicity produced by anticancer chemicals or metabolic poisons, including cadmium chloride, mercuric chloride, or sodium arsenite (Huot et al., 1991; Wu and Welsh, 1996) . In human breast cancer cell lines and neuroblastoma cells, HSP27 expression correlates with growth and drug resistance. Recent studies have also shown that overexpression of HSP27 in murine fibrosarcoma cells suppresses the apoptotic response to Fas/APO-1, staurosporine (Mehlen et al., 1996b) , actinomycin-D, or camptothecin (Samali and Cotter, 1996) . Heat shock sufficient to induce HSP27 and HSP70 also protects nonneuronal cells from apoptosis (Samali and Cotter, 1996) . When PC12 cells, a neural crest-derived cell line which in the differentiated state resembles sympathetic neurons, are transfected with a construct encoding antisense to HSP27, cytoplasmic, blebbing, cell shrinkage, and nuclear fragmentation occur in many transfected cells, suggesting that HSP27 may also play an antiapoptotic role in a neuronal cell line (our unpublished observations).
Approximately 50% of neonatal motor and sensory neurons die 1 week after peripheral nerve injury (Houenou et al., 1994) . This may represent an absolute requirement of some of these neurons for target-derived growth factors, the failure of the upregulation of growth factors in the injured neurons providing autocrine or paracrine support, or an inability of the immature neurons to deal with the stress response associated with the injury, such as the generation of free radicals (Yip et al., 1984; Himes and Tessler, 1989; Sendtner et al., 1990) . In the adult, however, the majority of sensory and motor neurons survive peripheral nerve injury. Although several studies in the past estimated an early small loss of sensory neurons after peripheral nerve injury, a recent reexamination of this issue failed to find evidence of cell loss until beyond 16 weeks after axotomy (Coggeshall et al., 1997) . One well characterized apoptosis suppressor, Bcl-2, is not upregulated after sciatic nerve axotomy in the adult (Gillardorn et al., 1994) . It is possible that increased HSP27 expression after peripheral axotomy in the adult contributes to the prevention of cell death. Cell death may not be prevented in the neonate, because the levels at birth are low or are not upregulated to the same extent.
Conclusion
We have found that HSP27, after an appearance late in development, is constitutively expressed at low levels in the adult dorsal root ganglion in medium-and large-sized primary sensory neurons. After damage to the peripheral, but not the central, axon of adult primary sensory neurons, HSP27 mRNA and protein are upregulated in most, if not all, of the axotomized neurons, and HSP27 protein is distributed to the central terminals of the injured neurons in the spinal cord. Given its actions in a variety of non-neuronal cells, this pattern of expression is compatible with roles for HSP27 both as a promoter of the survival of injured neurons and as a contributor to axonal regeneration.
